There is an urgent need to mitigate climate change-induced heat stress in livestock and poultry in the Caribbean, given the deleterious effects it has on food and nutrition security. The temperature humidity index (THI) was used to assess the potential for heat stress on four types of livestock and poultry (broiler and layer chickens, pigs and ruminants) for three different agroecological locations in Jamaica. The THI was formulated specifically to each livestock type and was examined for 2001-2012 for seasonal and annual patterns of variability. Differences in THI were observed between summer (July to September) and winter (December to February) with some moderation due to agro-ecological location. Our results suggest that animals in ambient field conditions in Jamaica may already be experiencing considerable periods of heat stress even during the relatively cooler northern hemisphere winter months. Future patterns of heat stress relative to a 1961-1990 baseline were derived from a regional climate model when mean global surface air temperature is 1.5, 2.0 and 2.5°C above pre-industrial levels. At 1.5°C, marked increases were noted in THI and almost persistent year-round heat stress is projected for Caribbean livestock. Conditions will be exacerbated at the higher global warming states. Possible response strategies such as cooling technologies are discussed.
Introduction
The Intergovernmental Panel on Climate Change (IPCC) regards small island states, including those constituting the Caribbean, as among the most vulnerable to climate change (Nurse et al. 2014) . Among the climatic changes already seen in the Caribbean has been an increase in surface temperatures. Jones et al. (2015) reported statistically significant warming everywhere in the Caribbean for the periods and for over half the region during 1979-2012. Stephenson et al. (2014) showed statistically significant warming between 1961-2010 and 1986-2010 using regional station data. They also found a stronger warming trend for minimum temperature than maximum temperature; an increase in the frequency of warm days, warm nights and extreme high temperatures; and a decrease in cool days, cool nights and extreme low temperatures. Warming trends have also been identified in maximum, mean and minimum temperatures for Jamaica-the country of focus for this paper (CSGM 2017) .
Modelling studies focused on the Caribbean region have shown that irrespective of model or scenario, temperatures will continue to increase until the end of the current century. Further, studies from the Coupled Model Intercomparison Project Phase 3 (CMIP3) models have projected increases of between 1.0 and 3.5°C by the end of the century, with 95% of all days exceeding the 90th percentile of current temperatures (Campbell et al. 2011; McSweeney et al. 2012; Karmalkar et al. 2013) . Taylor et al. (2018) , using CMIP5 models and the Representative Concentration Pathway (RCP) scenario RCP4.5, have shown that when the global mean surface temperature reaches 1.5°C (2.0°C) above pre-industrial levels, the Caribbean will be warmer than at present (using a 1971-2000 baseline) by between 0.5 and 1.0°C (1.0 and 2.0°C).
Increasing temperatures have significant and adverse implications for livestock productivity. Among other things, they affect the ability of the animals to thermoregulate (DeShazer et al. 2009 ). Studies on cattle have shown that increasing temperatures resulted in decreases in voluntary intake of food, weight, fertility and milk production (Armstrong 1994; Frank et al. 2001; Kadzere et al. 2002; Amundson et al. 2006; Ben Salem and Bouraoui 2009; Hernández et al. 2011; Gantner et al. 2012 ). Other studies have reported heat stress-induced decreases in poultry egg production and quality (Mashaly et al. 2004; Ajakaiye et al. 2011 ) and broiler productivity (Abu-Dieyeh 2006; Lin et al. 2006; Daghir 2008) , as well as adverse impacts on production in goats (Lu 1989; Lallo et al. 2012; Salama et al. 2014 ) and sheep (Marai et al. 2007 ). Although these livestock are an important part of the agricultural sector in the Caribbean (Jennings 2006) , there has been little work done on the potential impact of climate change and specifically of increasing temperatures.
Indices used to measure heat stress include the temperature humidity index (THI), Black Globe-Humidity Index (Buffington et al. 1981) , Heat Load Index and the Respiratory Rate Predictor (Silva et al. 2007 ). The THI has proven a useful tool to gauge livestock productivity response as a function of climate (Ravagnolo et al. 2000; Hahn et al. 2003; Silva et al. 2007; Dikmen and Hansen 2009; Marai and Habeeb 2010) . It is based on air temperature and relative humidity (RH) with different weightings for different species and is an indicative measure of 'the sum of forces external to the animal that acts to displace body temperature from its set point' (Dikmen and Hansen 2009) . Variations in THI formulation sometimes add a term for air velocity to account for the cooling effect of air movements (Tao and Xin 2003) or terms for both wind speed and solar radiation . The comparative usefulness of various THI formulations has been examined using animals' physiological state by several authors including Silva et al. (2007) for Brazil and Bohmanova et al. (2007) and Dikmen and Hansen (2009) for the southern USA.
Notwithstanding extensive research done elsewhere, there is a lack of studies examining THI values for environmental conditions in the Caribbean and relating them to potential heat stress conditions for animals. Lallo et al. (2017) studied THI in relation to grazing time of ruminants, the Barbados Blackbelly (BB) hair sheep in Trinidad. They found that THI values ranged from 70.0 to 83.6 and suggested that the sheep came under heat stress. In an earlier study, Lallo et al. (2012) found that air temperatures in an open-sided, naturally ventilated broiler house at the Field Station of the University of the West Indies Trinidad, were between 26.2 and 27.8°C in the morning and rose to 27.1 to 29.0 in the late afternoon. Though not specifically determining THI, they noted that the temperatures were considerably higher than the thermoneutral zone of 18 to 24°C proposed for tropical regions (Holik 2009 ). Ajakaiye et al. (2011) observed high daytime THI values in Cuba, with a mean of 85.5 (sd 4.06).
In this paper, heat stress conditions were determined using THI calculations for four categories of livestock and poultry-poultry (layers and broilers), ruminants (dairy) and pigs-across three agro-ecological zones in Jamaica, with meteorological data for the period 2001-2012. The livestock species examined are of significance to the (protein) food and nutrition security for Jamaica and the wider Caribbean (FAO 2015) . With only two important ruminants in Jamaica, cattle are produced for beef and milk and goats for meat, although there is considerable potential for dairy goat production (CARDI 2013). Future heat stress was also determined from THI using data from multiple runs of a regional climate model when global mean surface air temperatures are projected to be 1.5, 2.0 and 2.5°C above pre-industrial levels. The Caribbean has advocated for keeping global warming to 1.5°C or below by the end of the century (Benjamin and Thomas 2016) . The changes in THI were used to indicate the potential threat to livestock production in the Caribbean as a result of altered environmental conditions from different levels of global warming.
Data and methodology

Climate data
Historical data
Daily observed meteorological data for 2001 to 2012 were obtained from the Meteorological Service of Jamaica for three locations in Jamaica: Bodles Research Station (Old Harbour, St. Catherine) in south central Jamaica, Norman Manley International Airport (Kingston) in south-eastern Jamaica and Sangster International Airport (Montego Bay, St. James) in north-western Jamaica (see Table 1 ). Daily values for maximum and minimum temperature measurements and relative humidity (RH hereafter, measured at 1300 and 1900 UTC) were used to determine mean values for each variable per month.
Model data
Future climate data were obtained from the Providing REgional Climates for Impact Studies (PRECIS) regional climate modelling system (RCM) (Jones et al. 2003 (Jones et al. , 2004 which has been successfully used in the Caribbean (Campbell et al. 2011) . The data have a spatial resolution of 25 km and were extracted for the grid-boxes in which the three agro-ecological locations fell. In an ongoing dynamical downscaling initiative in the Caribbean , PRECIS is being driven by a subset of the 17-member Quantifying Uncertainty in Model Predictions (QUMP) ensemble of the Hadley Centre Coupled Model, version 3 (HadCM3) global climate model (Murphy et al. 2007 ) run using the AIB SRES Scenario (IPCC 2000) . The QUMP data were acquired from the KNMI climate explorer database (https://climexp.knmi.nl) and PRECIS simulations span 1850-2100. A validation methodology outlined by McSweeney et al. (2012) was used to identify the subset of QUMP runs being downscaled for the Caribbean. Four of a possible six completed PRECIS downscaled QUMP simulations were available for use in this study.
To determine the future climate at global warming thresholds of 1.5, 2.0 and 2.5°C above pre-industrial values, a timesampling approach similar to that used by Taylor et al. (2018) in their study of the Caribbean was followed. A 10-year running mean was applied to the time series of global mean surface air temperature anomalies derived for each of the driving GCM QUMP runs, where anomalies were with respect to the pre-industrial period taken as 1860-1900. The first year at which the respective global warming threshold was achieved with all subsequent running mean values being higher was identified. A 21-year daily time series centred on each global target year was extracted for each variable of interest and for each QUMP-driven PRECIS simulation. PRECIS data for 1961-1990 (baseline) were also extracted for each of the four ensemble members. The variables extracted were RH and 2 m maximum and minimum temperature.
Methodology
Calculation of temperature humidity index THI was used in this study to examine heat stress conditions for Caribbean livestock and poultry due to its relative simplicity and the availability of the meteorological data used in its formulation. The weather parameters used in its calculation, temperature and RH, are more readily available than other parameters needed to calculate other indices.
THI thresholds have long been used by US extension services to alert livestock producers of potential weather-based heat stress (Whittier 1993; Eirich et al. 2015) , e.g. the Livestock Weather Safety Index (NOAA 1976). Hahn et al. (2009) quote the following THI based stress ranges for ruminants: normal ≤ 74; moderate 75-78; severe 79-83; very severe (emergency) ≥ 84. The corresponding values for non-sweating animals such as poultry and pigs are as follows: normal < 27.8, moderate 27.8-28.8, severe 28.9-29.9 and very severe (emergency) ≥ 30.0 (Marai et al. 2001) .
The THI formulations chosen were adapted from Tao and Xin (2003) for broilers, Zulovich and DeShazer (1990) for layers, NRC (1971) for ruminants and Zumbach et al. (2008) for pigs. In these indices, temperature is accounted for by dry bulb measurements and RH by wet bulb temperature (poultry) or RH itself (ruminants and pigs); measurements are timed according to research objectives. In order to assess the greatest likely heat stress, maximum daily temperature (T max ) was used for the dry bulb values. Another reason for using T max was the absence of measurements for wet bulb temperature (T wb ) in both historical and future data sets. In taking T max as T db , minimum daily temperature (T min ) could be used instead of T wb for the poultry indices. The impact of making this substitution was tested by deriving T wb values (according to Stull 2011, using T max and RH) and comparing THI values calculated with the derived T wb against those calculated with 
Statistical analysis
Historical trends in THI values were investigated separately for the four types of livestock and poultry. The variability of observed monthly THI values for 2001 to 2012 was depicted in box plots, and means were compared using analysis of variance (ANOVA) for months and locations (using the 12 annual values as replicates). Seasonal variations were also highlighted. Although seasons in Jamaica are primarily determined by rainfall, since temperature is the most important factor in heat stress, the 'seasons' considered in this study are 'winter' (December to February) and 'summer' (July to September), corresponding respectively to the climatological coolest and warmest months. For the climate model-derived THI, values were calculated for each of the four-member ensemble at each global warming target and then averaged. The future changes in THI at 1.5, 2.0 and 2.5°C were expressed as the difference from the model-derived THI values of the baseline period for the multi-model ensemble.
Results
Substitution in temperature humidity index formulation for poultry
The substitution of T min for T wb resulted in slight underestimation of THI values, since T min was proportionately lower than the corresponding, derived T wb . For the historical data, the reduction in THI values was 2-4% for broilers and 5-9% for layers, the difference in the ranges reflecting the different weighting of T wb in the THI formulation, it being lower for broilers (0.15) than for layers (0.40). Across locations, the linear correlation between the two versions of THI was high: R 2 = 0.97-0.99 for broilers and R 2 = 0.83-0.97 for layers. There were similar but smaller differences between THI values calculated with T max and T min versus T max and T wb for modelled data from the PRECIS QUMP experiments: a reduction in THI of 1-3% for broilers and 3-7% for layers. Again, the linear correlation was strong, with R 2 values of 0.99 for broiler THI and 0.98 for layer THI.
Historical analysis
The monthly range in THI values for each type of livestock (averaged over the three locations) between 2001 and 2012 is illustrated in Fig. 1 . There are no linear trends but the short time series is to be borne in mind. There are smaller differences (by 3.7 times on average) among years than among months within years. By analysis of variance, year differences were not significant for any livestock (p = 0.45 to 0.69), but differences among months within a year were highly significant (p < 0.001).
There was a significant but smaller effect of location on mean THI (p < 0.001), moderated by a strong interaction between location and month (p < 0.001) for all livestock except layers (p = 0.42). The mean THI values for broilers were similar at Bodles and Kingston for all months and that at Montego Bay differed only in winter (December to February), being 1.0 unit lower on average (Fig. 3) . This is primarily explained by the slightly lower winter maximum temperature at Montego Bay (Table 1) since the THI values for broilers were weighted mainly on maximum temperature. The trend differed for layer THI, which weighted maximum and minimum temperatures more evenly (effectively reflecting the stronger influence of humidity). THI values for layers were highest in Kingston throughout the year, statistically more (1.1 U) than the other two locations in winter, but surpassing only Bodles in summer (Fig. 3) .
The THI values for ruminants incorporated RH but were weighted heavily by maximum temperature. Values were highest at Bodles throughout year, with average differences of 1.6 and 2.7 U in winter compared to Kingston and Montego Bay respectively (Fig. 3) . The THI increased by a larger amount at Montego Bay than Kingston with the onset of summer, such that at Bodles, it was only 1.3 U greater on average in summer. In all cases, significantly lower THI values were observed in winter months than summer months, differences ranging from 2.1 U for pigs to 3.8 U for ruminants (Table 2) .
Future projections
THI derived with data from the four ensemble members of the PRECIS QUMP experiments over the period 1960 to 2099 show an overall linear increase for each livestock (Fig. 4) . In Fig. 4 and for the presentation of future trends, data from the grid box over Bodles are used, as the results for the other grid boxes depicted identical trends and similar magnitudes. There was little variation among the ensemble members, and the general upward trend was well represented by the ensemble mean.
For each livestock and for each ensemble member, the mean THI was calculated for the 21-year period centred on the year each global warming target is achieved. THI values were then averaged to give the multi-model ensemble results for each global warming target. Table 3 and Fig. 5 depict the annual increase in THI units over the baseline period for the global warming targets of 1.5, 2.0 and 2.5°C. At 1.5°C, mean annual THI increase over the baseline period is 1.4 U for chickens, 1.9 for ruminants and 1.0 for pigs (Table 3 ; Fig. 5 ).
The increased future threat is highlighted in Fig. 6 which shows future THI scenarios for each global warming target. To construct Fig. 6 , the projected monthly mean increases over the model baseline were added to the present day mean monthly THI values previously depicted in Fig. 2 (also replotted as a blue line for comparison). The figure also shows horizontal lines for the highest stress threshold category for ruminants (THI ≥ 84) and pigs and chickens (THI ≥ 30).
Discussion and recommendations
Use of temperature humidity index formulations
The THI formulations chosen for this study proved useful in characterizing past and future heat stress on livestock and poultry in Jamaica. These formulations have been widely used in research for temperate and tropical regions, e.g. for broilers and layers by Purswell et al. (2012) , Behura et al. (2016) and The effect on poultry THI values of use of T min with T max in lieu of T wb with T db was small, and since differences were consistent, the trends observed in the results are accepted as valid. While the small underestimation implies that current and future heat stress could be slightly greater, any actual difference is likely insignificant, especially considering the levels projected for temperature increase.
The THI categories of heat stress used in this study were adopted as guides. It is noted that defining ranges for categories of heat stress can be somewhat arbitrary, as heat stress depends not only on the prevailing climate and THI formulation but also on the practices employed to manage heat stress which determine micro-climate (Dikmen and Hansen 2009), as well as the breed of the animal, how well adapted it is to the climate and its physiological state (Tao and Xin 2003; Dikmen and Hansen 2009; Ajakaiye et al. 2011 ).
Historical analysis
Monthly variations showed similar trends for the four types of livestock/poultry (Fig. 2) , with plots generally tracking the typical temperature profile for Jamaica and reflecting the impact of season. Using the heat stress levels previously described for ruminants (NOAA 1976) and pigs and poultry (Marai et al. 2001) , the THI values determined for Jamaica indicate that animals in ambient field conditions experience considerable periods of heat stress all year ( Fig. 2; Table 2 ). THI values fell in one of the categories of thermal stress even in the cooler winter months. Values in Table 2 are consistent with the high values reported for tropical and subtropical regions (Ingraham et al. 1974; Du Preez et al. 1990; Abu-Dieyeh 2006; Hernández et al. 2011; Ayo et al. 2014 ) and reflect the almost constant heat challenge in these regions, as discussed by Renaudeau et al. (2012) . During an experiment in Cuba on dietary supplementation for layers, Ajakaiye et al. (2011) determined the THI range to fall in categories of severe heat stress. Data from Hernández et al. (2011) in Veracruz, Mexico, using maximum monthly temperatures, also produced high THI values for ruminants with a similar seasonal effect: winter THI of 75-76 increasing to 85-86 in summer, for the period 1991-2008. The lower winter THI than in Jamaica reflects Mexico's higher latitudinal position.
The significant, but small, effect of location varied with season. Although the winter THI values for ruminants at Montego Bay were lower than at Kingston by 1.2 U on average, they were statistically equivalent in summer. These results reflect the influence of high maximum temperatures and also introduce the role of humidity. Rainfall and RH were highest at Montego Bay (Table 1 ) resulting in the ruminant THI increasing more steeply than at the other two locations after the end of the cooler winter period. A similar trend occurred for the THI values for pigs, which have an equivalent weighting of temperature and RH, but differences in THI units were smaller (Fig. 3) . Table 3 Mean annual temperature humidity index (THI) increase over baseline period for global temperature increases of 1.5, 2.0 and 2.5°C using four-member ensemble of the Providing REgional Climates for Impact Studies, Quantifying Uncertainty in Model Predictions experiments, for broilers, layers, ruminants and pigs in Jamaica; unit increase (range for individual ensemble members) Livestock THI unit increase over baseline The sites selected are all at low elevation which may experience higher heat stress than farms located at higher elevation. However, the majority of livestock farms are at low altitude, so that the levels of stress reported are representative of those experienced by animals in Jamaica. In general, the sites are expected to represent conditions within their agro-ecological zone, while recognizing that variation within zones will occur due to other geophysical characteristics in addition to altitude. The sites fall within two (coastal and interior) of the four rainfall zones identified for Jamaica by CSGM (2017), which also coincide with most of the agricultural production areas.
The differences across the three sites suggest that heat stress mitigation actions will vary according to location. Jini et al. (2015) examined variations in temperature and RH in different climatological areas in NE India and highlighted the need for poultry farmers and extension personnel to know the critical periods of the year when management of heat stress becomes essential for their locations. This was also noted by Du Preez et al. (1990) in South Africa and de la Casa and Ravelo (2003) in Argentina for dairy cattle and Somparn et al. (2004) in Thailand for cattle and buffalo.
It is important to note that the THI values in this study were calculated using maximum daily values and the influence of diurnal variation on heat stress was not considered. Factors such as period of day, duration of heat stress, accumulated heat stress (known as THI hours), correlation with animal behaviour, and extent of recovery periods also play important roles in the heat stress actually experienced by livestock (Kadzere et al. 2002; de la Casa and Ravelo 2003; Ajakaiye et al. 2011; Hernández et al. 2011 ).
Future projections
The common trend across all livestock suggests that, notwithstanding the climatic parameters used and how they are weighted in the THI calculations, the future Caribbean climate is expected to produce steadily increasing heat stress for animals (Figs. 4 and 5) , which would threaten livestock productivity. Since it can be assumed that each model produced a consistent bias (exhibits stationarity), differences in the future compared to the baseline were useful in illustrating projected changes over current THI values (Fig. 6) . For broilers and ruminants, at 1.5°C, every month can be categorized as very severe, in comparison to the present-day where winter months fall below this threshold. For layers (pigs), 7 (9) months of the year are projected to fall in the two highest stress categories for the 1.5°C global warming target, compared to 0 (5) months in the present-day. The threats further intensify for successively higher global warming targets. At 2.0°C, all months (broilers and ruminants) or most months (layers and pigs) represent very severe conditions. At 2.5°C, except for layers, all months fall into the categories of very severe (Fig. 6) .
The projected increases in THI through to the end of the century (Fig. 4 ) strongly mirror the linear increases in temperature projected for the Caribbean (see Fig. 3 of Taylor et al. 2018) and Jamaica (CSGM 2012 (CSGM , 2017 . This is not to suggest that other meteorological factors do not influence the THI; for example, if RH is projected to be lower, this would moderate expected THI increases. Lower rainfall also negatively impacts pasture production, a major component of ruminant feed in Jamaica (Hughes et al. 2011 ). Taylor et al. (2018 , however, show that for Jamaica, future changes in annual rainfall are relatively small for the global warming targets examined (though seasonal changes may be larger), with an increase of 5% at 1.5°C (statistically significant) but a decrease by 2 and 3% respectively for 2.0 and 2.5°C (not significant). Furthermore, the previous section already noted the importance of maximum temperature for the different agro-ecological locations, so that relatively small reductions in RH would not mitigate the effect of significant intensification of temperature.
Finally, it is noted that the mean year of occurrence of 1.5°C is 2027 (range of 2019 to 2043 across ensemble members). A number of other studies also suggest similar attainment dates in the 2020s for 1.5°C (Taylor et al. 2018; Karmalkar and Bradley 2017) . Therefore, although the highest change in THI is noted with a global mean surface temperature increase of 2.5°C which occurs later in the century, potentially damaging heat stress is anticipated long before this and within the next decade. The mean attainment years of 2.0 and 2.5°C are 2044 (range of 2035 to 2069) and 2057 (range of 2044 to 2087) respectively for the QUMP simulations using the A1B scenario.
Recommendations
The results of this study suggest the need for the implementation or scaling up of management options in the face of higher levels of heat stress even if global mean surface temperatures are limited to 1.5°C above pre-industrial levels by the end of the century. For the Caribbean, these should include the following:
& The development of early warning systems for detection of heat stress in regional livestock and to trigger appropriate management responses & The training and sensitization of livestock farmers and extension officers in Jamaica and the region to better understand heat stress mitigation, including how to interpret indices like the THI and how best to prioritize actions that enhance adaptive capacity based on them Specifically, for the livestock examined in this study, the following management strategies are suggested.
& For broilers, apart from cooling mechanisms, interventions could include improved litter management to prevent ammonia build-up; lowering the stocking density in houses; marketing of birds at an earlier stage; nutritional interventions, e.g. the use of vitamins, electrolyte and mineral supplementation including chromium and zinc (Lin et al. 2006) ; and exploring more climate resilient strains (Cahaner and Leenstra 1992; Lin et al. 2006 (Lopes et al. 2016) . Other options include night grazing with adequate lighting and security; nutritional management, such as dietary supplementation; and breeding research to assess for heat tolerance as well as milk production (Galukande et al. 2013) .
Conclusion
This study examined thermal heat stress conditions for livestock of importance to the agricultural sector in Jamaica and typical for the Caribbean region. THI is used to deduce historical monthly and seasonal patterns of heat stress for broilers, layers, ruminants and pigs for three different agroecological locations. THI has been little studied for Jamaica and the wider Caribbean, and as such, this study provides baseline values for future exploration. The study also provides projections of potential future heat stress as suggested from THI values using data from a regional climate model. From the results presented, the following are noted.
1. Notwithstanding the relatively small annual range of Caribbean surface temperatures, monthly/seasonal THI variability appears to be more important than interannual variability for present-day conditions. However, the short time series (12 years) is to be borne in mind. The effect of location is also significant, notwithstanding a smaller impact on the heat stress experienced by livestock in Jamaica. 2. There is evidence that animals in ambient field conditions in Jamaica (and by extrapolation much of the Caribbean region) already experience considerable periods of heat stress even during relatively cooler northern hemisphere winter months. 3. Future THI values will exceed current values. Even at a global mean surface temperature rise of 1.5°C above preindustrial levels, there are marked increases in THI for all livestock examined. Given that regional livestock are already stressed, 1.5°C may represent a significant global warming threshold, above which persistent heat stress will likely be experienced. 4. A global mean surface temperature increase of 2.0°C or higher versus 1.5°C will result in further increases in THI and the highest levels of heat stress year round. These levels will likely exceed the limits beyond which normal thermoregulation by livestock in the Caribbean can be accomplished without energy-intensive heat mitigation systems. 5. The current work provides some justification for the call by Small Island Developing States to keep global temperatures to no more than 1.5°C above pre-industrial levels given the likely impact to livestock of not doing so. In the absence of mitigation, the negative consequences on animal physiology and consequently production will be felt sooner than later and greatly exacerbated in the long term.
Finally, it is noted that in a warmer future world, there will be increasing need for cooling systems, especially passive technologies in light of increasing costs of water and electricity. There also should be a regional push to have mechanized systems powered by renewable energy sources to offset potential increases in greenhouse gas emissions that would otherwise result from the use of fossil fuels.
